g Shigellae cause significant diarrheal disease and mortality in humans, as there are approximately 163 million episodes of shigellosis and 1.1 million deaths annually. While significant strides have been made in the understanding of the pathogenesis, few studies on the genomic content of the Shigella species have been completed. The goal of this study was to characterize the genomic diversity of Shigella species through sequencing of 55 isolates representing members of each of the four Shigella species: S. flexneri, S. sonnei, S. boydii, and S. dysenteriae. Phylogeny inferred from 336 available Shigella and Escherichia coli genomes defined exclusive clades of Shigella; conserved genomic markers that can identify each clade were then identified. PCR assays were developed for each clade-specific marker, which was combined with an amplicon for the conserved Shigella invasion antigen, IpaH3, into a multiplex PCR assay. This assay demonstrated high specificity, correctly identifying 218 of 221 presumptive Shigella isolates, and sensitivity, by not identifying any of 151 diverse E. coli isolates incorrectly as Shigella. This new phylogenomics-based PCR assay represents a valuable tool for rapid typing of uncharacterized Shigella isolates and provides a framework that can be utilized for the identification of novel genomic markers from genomic data.
S
higellae are intracellular Gram-negative pathogens that cause a wide range of illnesses, from mild abdominal discomfort to death, in humans and nonhuman primates (1) . The estimated 165 million cases of shigellosis that occur annually (2) result in the deaths of ϳ1.1 million people, most in the developing world. An additional 500,000 cases of shigellosis occur in travelers from developed countries (3) . In the recent landmark Global Enteric Multisite Study (GEMS), Shigella species were identified as being among of the pathogens most associated with mortality (4, 5) . Additionally, the GEMS suggested that houseflies could contribute to the spread of Shigella, introducing a novel route of transmission of this human pathogen (6) . There are four species of Shigella that can cause diarrheal disease in humans, S. boydii, S. dysenteriae, S. flexneri, and S. sonnei, formally termed serotypes A to D (7) . These species are currently defined by serotyping based on components of the O-specific side chain of the lipopolysaccharide.
Shigella species are frequently identified in the laboratory by their lack of both motility and lactose fermentation, but those biochemical assays often cannot differentiate Shigella from some enteroinvasive Escherichia coli (EIEC) isolates (8) . Additionally, clinical symptoms often cannot differentiate Shigella infection from Escherichia coli infection or distinguish between Shigella species (8) . Further confounding accurate identification, some O antigens present in Shigella are identical to those found in E. coli (9) . Serotyping is the current gold standard method for Shigella species determination, but cross-reactivity among Shigella isolates, and E. coli isolates, may confound results (10) .
The diversity of the isolates within the species, as well as the technical aspects of serotyping, make the identification of a molecular diagnostic an important objective for accurate study of the impact of this important human pathogen. In an attempt to circumvent the challenges associated with serotyping, several genetic methods, including ribotyping (11) , restriction fragment length polymorphism (12) , multilocus sequence typing (MLST) (13) , multilocus variable-number tandem-repeat (VNTR) analysis (14) , and multiplex PCR assays, have been explored to identify Shigella isolates. These approaches remain overly labor-intensive or are not sensitive enough and are unable to discriminate between Shigella species isolates or even certain E. coli isolates.
Previous MLST-based phylogenetic studies indicated that the Shigella species have emerged at least seven separate times from E. coli (15) . However, MLST methods interrogate a relatively small number of conserved housekeeping genes (16) . Furthermore, phylogenies inferred from concatenated MLST sequences have been demonstrated to not always be representative of phylogenies inferred using the entire conserved genomic core (17) . Incongruities with gene-based trees from the sequences from a limited number of loci have been attributed to the high recombination rate observed in E. coli (18) .
The genomic diversity of the Shigella species has not been studied in detail. This report contributes 55 draft Shigella assemblies to the community for the broadest analysis of Shigella species genomics to date. The goals of this study were to compare a significant number (n ϭ 69) of Shigella genomes in order to (i) determine the phylogeny of a diverse set of Shigella isolates compared to sequenced E. coli and Shigella genomes using whole-genome sequence data, (ii) identify genomic differences between Shigella and E. coli genomes, and (iii) develop a molecular assay that identifies unknown Shigella isolates and classify them in a phylogenetic context. The use of comparative genomics to identify and validate Shigella-specific phylogenetic markers has provided an opportunity to accurately and rapidly identify these important human pathogens. Additionally, this report provides a framework for the use of genomic data in the development of diagnostics for any species.
MATERIALS AND METHODS
Strain selection. A total of 55 Shigella genomes were selected from our culture collection for sequencing in an effort to capture a broad range of genomic, geographic, and temporal diversity ( Table 1) ; 30 of these genomes were sequenced as part of the NIAID Genome Sequencing Center for Infectious Diseases (GSCID) project (http://gscid.igs.umaryland.edu /wp.php?wp ϭ emerging _diarrheal_pathogens). Additional sequenced isolates included a collection of Shigella isolates (n ϭ 12) from Nyanza Province, western Kenya, collected by the Kenya Medical Research Institute (KEMRI)/Centers for Disease Control and Prevention (CDC) Research and Public Health Collaboration that were associated with lethal clinical outcomes (19) , a set of isolates from Chile (n ϭ 2) used in previous studies (20, 21) , and a collection of Canadian isolates (n ϭ 11) obtained from the Public Health Agency of Canada through routine surveillance from 2008 to 2011; all Shigella isolates were identified based on serological analyses. A list of 281 additional genomes downloaded from GenBank, including completed genomes as well as draft assemblies, as well as the reads for an additional 96 S. flexneri genomes for comparative analyses are listed in Table S1 in the supplemental material.
DNA extraction. For genomic sequencing, DNA was extracted with standard methods reported previously (17) . For the multiplex PCR assay, genomic DNA was prepped with a GenElute kit (SigmaAldrich). As a proof of concept, DNA was also isolated by heating 100 l of overnight culture in a thermocycler for 10 min at 94°C; cell debris was then briefly pelleted at 4,000 ϫ g for 5 min. These extractions were used for screening the large culture collections.
Genome sequencing and assembly. Genomic DNA was sequenced at the Genome Resource Center at the Institute for Genome Sciences (http: //www.igs.umaryland.edu/resources/grc/). As part of the GSCID project, 454 paired-end reads (3-kb insertion size) were assembled with the Celera assembler (22) . Paired-end Illumina reads from a GA-II platform were also assembled with a reference-guided approach (AMOScmp [23] ); contigs were further processed with ABACAS (24) and IMAGE (25) to generate more-contiguous assemblies. Raw sequence reads were then mapped to the reference-guided assembly with bwa (26) . To identify potential genome sequences not present in the reference genome, raw reads that failed to map to the reference-guided assembly were quality trimmed with sickle and assembled with Velvet (27) . Contigs from the two methods (reference guided, de novo) were concatenated, and sequencing errors were corrected with iCORN (28) .
Whole-genome alignment and phylogeny. To identify the conserved genomic core, conserved regions in isolates from E. coli and Shigella species were identified from a Mugsy (29) alignment of a diverse set of reference genomes (n ϭ 40) (30) . These conserved genomic regions were then extracted from 336 E. coli and Shigella genomes (see Table S1 in the supplemental material) with BLASTN (31), aligned with MUSCLE (32), and concatenated. A tree was inferred on the basis of reduced alignment with FastTree2 (33) , with the following settings: -spr 4 -mlacc 2 -slownni.
A total of 69 Shigella genomes were aligned with Mugsy and processed as reported previously (17) ; this set included the 55 genomes sequenced in this study as well as 14 reference genomes. From the whole-genome alignment, subtractive methods were used to identify blocks of sequence from the output that are unique to monophyletic Shigella lineages. This was accomplished by identifying blocks of sequence that were conserved only in the targeted Shigella lineage and were absent from all other Shigella genomes.
Multigene phylogenies. For a comparison to the whole-genome phylogeny, gene-based trees were also inferred from a concatenation of multilocus sequence typing (MLST) markers (34) (see Table S2 in the supplemental material) informatically extracted from 336 E. coli and Shigella genomes; a tree was also inferred with FastTree2 from 7 markers described in a previous study of Shigella evolution (15) . Recombination of aligned markers was tested with Phi (35) .
Multiplex PCR screening. PCR primers for the multiplex assay (see Table S3 in the supplemental material) were designed in Primer3 (36) based on Shigella phylogenomic markers identified with Mugsy. All PCRs were performed with GoTaq master mix (Promega). For the multiplex PCR, primers were combined as a single mixture with a final concentration of 0.14 M for each primer set; the primer set for clade S1 was added for a final concentration of 0.28 M. The touchdown PCR program consisted of an initial denaturation at 94°C for 5 min, followed by 2 cycles of 94°C for 45 s, 68°C for 45 s, and 72°C for 1 min; this was followed by 2 cycles with an annealing temperature of 64°C and then 28 cycles with an annealing temperature of 60°C, keeping all other parameters constant. To determine the specificity of each Shigella phylogenomic marker, 6 strain collections were screened with the multiplex assay: the collection of isolates sequenced in this study, a collection of isolates (n ϭ 42) from western Kenya (see description above), a collection from the Public Health Agency of Canada (n ϭ 39), a collection from Chile (n ϭ 106), the environmental E. coli collection (n ϭ 72) (ECOR) (37) , and the diarrheagenic E. coli (DECA) collection (n ϭ 79) (http://www.shigatox.net/stec/cgi-bin/deca) (38) ; the isolates from the ECOR collection were characterized by multilocus enzyme electrophoresis, and the DECA isolates have all been sequenced and deposited in public databases.
BSR analysis. A comparison of genes between the Shigella and E. coli genomes was performed with a BLAST score ratio (BSR) analysis (39, 40) . Coding region sequences (CDSs) were predicted independently with Prodigal (41) for 69 E. coli and 69 Shigella genomes (see Table S1 in the supplemental material); the E. coli genomes were randomly subsampled from all available E. coli genomes with a Python script (https://gist.github .com/jasonsahl/115d22bfa35ac932d452). All CDSs were translated with BioPython (42) and then clustered with USEARCH v6 (43) at an identity value (ID) of 0.9 to dereplicate the data set. Each unique cluster was then translated with BioPython, and peptides were aligned against their nucleotide sequences with TBLASTN in order to obtain the maximum alignment bit score. The alignment bit score for each gene was divided by the maximum bit score for all genomes in order to obtain the BSR. For the pan-genome calculation, peptides from all genomes were clustered with USEARCH (43) over a range of IDs (0.1 to 1.0). The number of clusters at each identity threshold was calculated and plotted. This procedure was applied to all Shigella genomes (n ϭ 69) and a subset of randomly selected E. coli genomes (n ϭ 69) (see Table S1 ).
O antigen typing of each newly sequenced Shigella genome. The nucleotide sequences for all annotated Shigella O antigens (9) were downloaded. Each genome was assigned a bioinformatically derived O antigen type based on the BLAST hit most similar to previously characterized O antigen sequences.
Nucleotide sequence accession numbers. Nucleotide sequence data determined in this work have been deposited in GenBank (see Table 1 for accession numbers). 
RESULTS

Pan-genome comparisons between
Shigella and E. coli. The predicted size of the Shigella pan-genome, based on an analysis of 69 draft and finished genomes, is ϳ10,000 genes (USEARCH ID threshold of ϳ0.40% to ϳ40% protein identity over 100% of the peptide) (Fig. 1) ; this number is relatively small, considering that each Shigella genome contains ϳ5,050 predicted coding regions as determined on the basis of default settings in Prodigal (41). The pan-genome for E. coli, based on the same threshold, is significantly larger (ϳ17,000 genes) (44) . This difference may be indicative of the large number of environments where E. coli can be isolated, in contrast to Shigella species, which are primarily identified as pathogens of humans. The numbers and compositions of genes were also compared using BLAST score ratio (BSR) analysis (40, 45) . The core genome of E. coli, based on an analysis of 69 genomes, is ϳ2,155 genes (BSR Ն 0.80 in 100% of the genomes). This number is consistent with a previous calculation (44, 46) based on a smaller number of genomes. The core conserved Shigella genome consists of ϳ1,880 genes (BSR Ն 0.80 in 100% of the genomes); a list of accession numbers for the genes that are conserved in the E. coli and Shigella pan-genome is provided in Table S4 in the supplemental material. A comparison of genes between both pan-genomes demonstrates that only 1,447 genes are shared by all E. coli and Shigella isolates. This finding provides the insight that Shigella species do not have the same genomic profile as E. coli.
Genomic comparison of E. coli and Shigella genomes. To identify genes differentially distributed between the E. coli and Shigella genomes, a large-scale BSR (LS-BSR) analysis was performed on 69 E. coli and 69 Shigella genomes (45) . The results demonstrate that several genes, primarily associated with metabolism, are conserved in E. coli isolates and largely absent (n Ͻ 2) in Shigella isolates (Table 2) ; this stands in contrast to a recent study which suggested that no genes could be used to distinguish the two groups (47) . In fact, some of the genes identified as being differentially present in E. coli and not in Shigella have been previously identified as being pathoadaptive for Shigella (48) , suggesting that the analysis is valid. Genes were also identified that are differentially conserved in Shigella genomes; these include those encoding a siderophore receptor, an invasion plasmid antigen, and several hypothetical proteins (Table 2 ). These genes appear to be involved in pathogenesis (49) , suggesting a niche specialization of Shigella compared to E. coli. The BSR matrix for these comparisons is publically available (https://github.com/jasonsahl/shigella_BSR _matrix).
Multigene phylogenies. Previous conclusions regarding Shigella evolution were based on a concatenation of a small set of conserved genomic loci. To evaluate the topology of trees inferred from concatenated multigene alignments, a phylogeny was inferred from ϳ3.5 kb of concatenated MLST sequences using the pubMLST system (34) . The resulting MLST-based phylogeny indicates that Shigella has emerged from E. coli on five separate occasions ( Fig. 2A) . A phylogeny inferred from seven concatenated markers (ϳ7 kb) used in a previous study of Shigella evolution (15) indicates that the Shigella genotype has emerged from E. coli on a minimum of four separate occasions (Fig. 2B) . These findings highlight the variability in phylogenetic placement based on the composition of the input sequence data.
Whole-genome-alignment phylogeny. A whole-genomebased phylogeny was inferred for all E. coli and Shigella genomes, including the 55 new Shigella genomes sequenced in this study and 14 Shigella assemblies in GenBank (Fig. 2C) . The resulting phy- logeny illustrates the phylogenetic placement of Shigella genomes in the context of a diverse set of E. coli genomes. Clades S1 and S2 form a monophyletic clade, as do clades S3 and S5. Clade S4, which includes only S. dysenteriae type 1 isolates, is closely related to O157:H7 enterohemorrhagic E. coli (EHEC) isolates, as has been demonstrated previously (46, 50) .
The conserved genomic core, based on a whole-genome alignment of 69 Shigella genomes, consists of ϳ2.4 Mb of homologous sequence data. A phylogeny based on this whole-genome alignment demonstrates the presence of five clearly defined monophyletic Shigella clades (S1 to S5) (Fig. 3) . The S. flexneri, S. boydii, and S. dysenteriae isolates, as defined by serology studies, did not follow a monophyletic genomic distribution within these five clades. Although Shigella isolates grouped into three clades in the comparative studies with E. coli, the Shigella-only comparisons provide subclade designations that allow improved discrimination of Shigella genomes based on genomic content.
Identification of Shigella clade-specific genomic regions. When the 69 Shigella genomes were aligned using Mugsy (29) , no universally conserved genomic regions could be identified for any S. flexneri, S. boydii, or S. dysenteriae isolates. Therefore, an approach was employed to consider gene conservation in each of the five phylogenomic clades in the Shigella-only whole-genome phylogeny (Fig. 3) , regardless of species designations based on previous identification by serotyping. Genomic regions were identified from the Mugsy alignment that were unique to each of the five clades.
The phylogenetic reconstruction clearly demonstrates that clades S1 and S3 contain a mixture of Shigella species, as defined by traditional typing, including serological methods (Fig. 3) . To confirm that these anomalous genomes had not been mistyped, the closest O antigen for each genome was determined informatically (9) ( Table 1 ). The results demonstrate that the bioinformaticsbased serotyping is congruent with the laboratory-determined serotype. For example, there are four S. flexneri genomes that are included in clade S1 (Fig. 2A) . A BLAST search demonstrated that each of these genomes contains the S. flexneri 6 O antigen (9) , while all S. flexneri isolates from clade S5 contain the O13 antigen. The phylogeny demonstrates that genomes with the S. flexneri 6 O antigen are not closely related to sequenced S. flexneri genomes with the O13 antigen as determined on the basis of genomic content. This example highlights the difference between the phenotypic markers and the genotypic markers, which we can now integrate into the identification algorithm.
To identify the conservation of phylogenomic markers, a set of 96 S. flexneri genomes from a separate study (see Table S1 in the Table S3 in the supplemental material) from the E. coli pubMLST system (34) . Conserved sequences were extracted from BLAST (31) alignments and were aligned with MUSCLE (32). The phylogenetic tree was inferred with FastTree2 (33), with 1,000 bootstrap replicates. (B) A phylogeny was inferred with FastTree2 from a concatenation of sequence markers (see Table S2 ) used in a previous study of Shigella evolution (15) . (C) A phylogenetic tree of E. coli and Shigella isolates using wholegenome sequence data. Conserved genomic fragments were first identified in a core set of 40 E. coli genomes aligned with Mugsy (29) . Conserved genomic regions were extracted by BLASTN, aligned with MUSCLE, and concatenated. A tree was then inferred on this alignment with FastTree2, with 1,000 bootstrap replicates. supplemental material) were queried with conserved S. flexneri regions identified in this study. All 96 genomes contained the S5 marker, a finding which supports the idea of the specificity of this marker for S. flexneri genomes in this genomic context (Fig. S1 in  the supplemental material) .
PCR assay development. PCR assays were developed to amplify conserved genomic regions from each clade in the Shigella phylogeny ( Fig. 3 ; see also primer sequences in Table S3 in the supplemental material). A PCR assay of the 55 isolates sequenced in this study demonstrated that a single amplicon was produced for each isolate as visualized by gel electrophoresis; the size of the band corresponded to the conserved genomic fragment designed for each clade (Fig. 3 and 4) . To investigate the specificity and The tree was inferred with FastTree2 (33) on a Mugsy (29) whole-genome alignment, as has been done previously (17) . Labels at branch nodes indicate the clade-naming convention developed in this study. Bootstrap support values from 100 replicates are shown at nodes. This tree demonstrates that Shigella genomes group into 5 monophyletic lineages (S1 to S5) and that there is a mixing of species, based on serology, in clades S1 and S3. sensitivity of the Shigella PCR assay, additional culture collections were examined, and the results demonstrated that the conserved markers were present in temporally and geographically diverse Shigella isolates (Table 3) . However, a PCR screen of two E. coli isolate collections demonstrated positive amplification of some target regions in a small number of E. coli isolates (Table 3) . Therefore, the assay was redesigned to increase the specificity for Shigella genomes by adding a second, species-specific amplicon.
From the Mugsy alignment, genomic fragments were identified that were conserved in all 69 sequenced Shigella genomes and absent in E. coli. A BLAST search of these putative markers against a curated database of E. coli genomes identified a number of conserved Shigella markers in all 69 Shigella sequences and absent in the curated E. coli collection. One genomic fragment (240 bp) of the invasion antigen IpaH3 was found to be conserved in all Shigella genomes and also enteroinvasive E. coli (EIEC) isolates 53638 (NZ_AAKB00000000) and LT-68 (ADUP00000000). However, these EIEC isolates do not contain any of the Shigella clade-specific markers.
PCR primers designed from the IpaH3 marker were added to a mixture containing primers for all five clades. In this new multiplex assay, two bands, one for the IpaH3 marker and an additional band for the phylogenomic clade-specific marker, are required for identification of the isolate as positive for Shigella (Fig. 4) . The assay can also potentially identify coinfections, where isolates from multiple clades are potentially present in a single sample (Fig. 4, lane 6) . Six strain collections, totaling 372 isolates, were PCR screened with this multiplex PCR assay. The results demonstrated that, of 221 Shigella isolates collected from diverse geographic locations, 218 produced two distinct bands, indicating identification of both "genus" and phylogenomic clade. Furthermore, of 151 E. coli isolates examined, none produced two amplicons (Table 3) . Three putative Shigella isolates failed to produce 2 bands, which gives a false-negative rate of 1.4% and a sensitivity of 98.6%; two of these negative isolates were serotyped as S. boydii and one isolate was typed as S. dysenteriae. Phylogenetic analysis and further genome sequencing are required to confirm the identity of these isolates.
Subclade typing. In addition to the five major Shigella clades, PCR assays were also designed to identify Shigella genomes that did not group with other representative genomes of the same species (see Table S3 in the supplemental material). An additional PCR screen of 105 Shigella isolates from the Chilean collection identified three isolates that were typed as S. flexneri but belong to clade S1, which contains S. boydii, S. dysenteriae, and S. flerxneri, based on the multiplex assay. A PCR assay using primers designed for the S. flexneri 6 O antigen biosynthetic cluster demonstrated positive amplification for each of the three S. flexneri clade S1 isolates. PCR assays were also designed for S. dysenteriae genomes in clade S1, S. boydii genomes in clade S3, and S. dysenteriae genomes in clade S3. Although these markers are not unique to targeted genomes in each clade, they may be used for differentiation of the species, as defined by traditional serotyping, within a given phylogenomic clade.
DISCUSSION
Shigella species are intracellular human pathogens that can cause serious, potentially lethal intestinal disease, primarily in the developing world, with wide-ranging clinical manifestations, including tenesmus, abdominal pain, and bloody, mucous-like, or watery diarrhea (1) (4). On the basis of sequencing of a small number of genomic loci, Shigella species have been thought to have emerged from Escherichia coli on at least seven separate occasions. However, by analysis of the core, conserved genome, a higher-resolution analysis of evolution can be performed. The results of a whole-genome alignment and phylogenetic method utilizing 336 E. coli and Shigella genomes (Fig. 2C) clearly demonstrate that all Shigella isolates sequenced to date group into 3 monophyletic clades; this demonstrates that Shigella clades S1 and S2 are more similar to each other than they are to those of other E. coli isolates. Figure 2 also demonstrates the close relatedness of Shigella genomes, especially within clades S3 and S5.
A study by Pupo et al. divided Shigella isolates into 3 monophyletic clades, with 5 outliers, based on a phylogenetic analysis of ϳ7 kb of concatenated sequence (15) . Those authors concluded that the Shigella phenotype has arisen seven times, not counting the divergent S. boydii 13 isolate (15) . Recent evidence has demonstrated that S. boydii 13 is not invasive and is therefore likely not similar or related to other Shigella species (51). In the current study, markers used in the study by Pupo et al. were informatically extracted from genome assemblies and used to infer a phylogeny from 336 E. coli and Shigella genomes (Fig. 2B) . Four E. coli genomes were identified in this phylogeny that grouped with Shigella clades and that did not group with Shigella clades in the whole-genome phylogeny ( Fig. 2B and C) . Using the Phi test for recombination (35) , the current study demonstrated that at least two of the markers (thrC and trpC) show signs of recombination (P value Ͻ 0.001), which may explain this incongruent topology. This highlights the difficulty with using small amounts of genetic material for the inference of genomic relatedness.
In one other study, a phylogeny was inferred from a concatenation of 345 coding regions in 25 genomes that did not show evidence of recombination; the phylogeny revealed that the Shigella genomes fell into 2 defined lineages (52) . Additionally, a recent study used k-mer frequency clustering of 36 finished genomes to infer a phylogeny and showed that Shigella genomes grouped into two monophyletic clades (53) . Although our results suggest the presence of three clades, all methods suggest a less diverse evolutionary history for Shigella in the broader context of a significant number of E. coli isolates. The MLST phylogeny did a relatively poor job of recapitulating the whole-genome Shigella phylogeny ( Fig. 2A) , as has been demonstrated previously (17) .
Typically, Shigella identification is based on serological or biochemical measures in the field or laboratory (1) . Based on the species concept utilized by ecologists, a species of Shigella would be expected to follow a monophyletic history (54) . However, the results of our phylogenetic reconstruction based on genomic content demonstrate that Shigella species, based on serotype analysis, are not restricted to a particular phylogenomic clade. A previous study also demonstrated mixing of Shigella species across phylogenetic clades (15) . This finding may have been due to a lack of consensus in strains chosen for antiserum grouping (10) and demonstrates the need for a more comprehensive genomic-based assay to understand the phylogenetic history of Shigella. In addition to the examination of the evolutionary history, whole-genome sequencing and comparative genomic analyses have provided the opportunity to develop a robust PCR-based typing assay. In the present study, a single multiplex PCR assay, designed to produce one genus-targeted and one phylogenomicclade-targeted amplicon, was developed based on a large-scale comparative genomics analysis. Based on the PCR screening of 218 Shigella isolates, the assay appears to universally and specifically amplify Shigella. This assay will be a valuable tool to examine both new clinical isolates and existing Shigella culture collections. One limitation to this assay is that new and emergent Shigella isolates may lack one or more of these genetic markers; however, this is the same limitation that would exist for serotyping isolates with previously uncharacterized O antigens. Additional genome sequencing will improve the understanding of the conservation and distribution of genetic markers, which will help in the continued design and verification of PCR primers for diverse and emergent isolates.
PCR assays have been used previously to detect Shigella in a variety of media (55) . A recent study proposed a multiplex PCR assay to differentiate only S. sonnei and S. flexneri isolates (56) but did not factor in the remaining species. The assay presented in our study improves on this proposed multiplex assay by generating a single amplicon per genomic clade and targeting specific genomic sequences that are conserved in all Shigella species. The IpaH invasion antigen targets used in this study have previously been used to amplify and quantify Shigella isolates (57, 58) . The primer set developed in this study was utilized because it amplifies a larger product than the previously published primer pair.
Shigella isolates contain a genome significantly smaller than most related E. coli genomes (50); the loss of genes is characteristic of an intracellular pathogenic lifestyle (59) . In Shigella, genes that potentially interfere with pathogenesis are prone to deletion (60) . Many deleted genes have been associated with cellular metabolism (15); these observations were verified by a comparative genomics analysis conducted in the current study (Table 2) .
Whole-genome sequence data are an invaluable tool for the study of bacterial pathogens. In this study, genome sequence data were used to refine the evolutionary history of Shigella and focus the design of a multiplex PCR assay to characterize isolates. This method represents a new paradigm in which genome sequence data are utilized to better characterize and monitor important human pathogens.
